Objectives: Patulous Eustachian tube (PET) is a challenging clinical problem with limited medical and surgical options. The current study systematically reviews the literature to determine the safety and efficacy of surgical treatments for PET.
INTRODUCTION
The Eustachian tube (ET) is an important anatomic structure that contributes to the ventilation and overall health of the middle ear. Obstruction or dysfunction of the ET due to failure of the intermittent opening of the tubal orifice can often result in chronic symptoms of pain, aural fullness, and dizziness [1] [2] [3] ; unfortunately, there also is a subset of patients who experience symptoms secondary to pathologic patency of the ET. Patulous Eustachian tube (PET) was first described by Schwartze in 1864 and can result in a multitude of symptoms including voice autophony, breathing autophony, and aural fullness, among other complaints. 4 Possible etiologies of PET include atrophy of the peritubal fat tissue, loss of venous tone of the pterygoid venous plexus, and peritubal musculature dysfunction. 5 PET has also been associated with weight loss and pregnancy. 2, 5, 6 Although PET is a well-recognized pathologic entity, standardized treatment algorithms have yet to be established. Both surgical and nonsurgical interventions have been described in the literature, most of which aim to narrow or close the ET pharyngeal orifice. Conservative, nonsurgical methods are numerous and have included weight gain, topical estrogen, and insufflation with boric or salicylic acid. 2, 7 For those who fail conservative approaches, surgical intervention may be indicated. Several different surgical methods have likewise been reported, including injection of bulking agents, 8, 9 fat/cartilage plugging, 10, 11 ligation of the orifice, 12,13 endoluminal cauterization, 14 and hamulotomy. 15 Despite the multitude of treatment modalities reported in the literature, success rates have generally been variable, and no consensus on management exists. The purpose of this study is to systematically review published surgical approaches for PET and compare the safety and efficacy of individual interventions.
METHODS

Systematic Review
A comprehensive systematic literature review was performed using defined inclusion and exclusion criteria. Literature searches were independently performed for studies published between 1960 and 2014 using the Medline, Google Scholar, and Cochrane databases with the search terms 'patulous' and 'Eustachian'. Studies not published in the English language, cadaveric studies, and nonhuman studies were excluded, as were case reports and case series with fewer than three patients. To be included in the systematic review, studies had to 1) describe a surgical technique for patulous Eustachian tube, and 2) present a quantifiable outcome measure. Titles and abstracts of retrieved articles were reviewed independently by the study authors. Any remaining articles received a full-text review by at least two authors, followed by clarification of any discrepancies. Data was subsequently extracted from individual studies and entered into a database for further analysis. Variables analyzed included number of patients, surgical technique, outcome measures, and complications.
Statistical Analysis
Risk of bias was quantitatively assessed with BeggMazumdar and Eggar tests. A random effects (DerSimoniam-Laird) model was used, and heterogeneity was measured using the I 2 statistic. This is a well-characterized measure of study heterogeneity that assesses the percentage of variance in a meta-analysis that may be due to heterogeneity rather than random chance alone. StatsDirect software, version 2.8.0 (StatsDirect Ltd., Cheshire, UK) was used for all calculations.
RESULTS
Systematic Review
The literature search produced a total of 1,616 articles. Of these, 1,464 studies were excluded based on title and/or abstract review. The majority of excluded studies were review articles or single-case reports, or studies that focused only on the medical management of PET. Details of the selection process are illustrated in Figure 1 . After removing duplicate articles, a total of 48 articles remained for full-text review, 34 of which were subsequently excluded, primarily due to a lack of defined outcome measures or due to a focus on Eustachian tube dysfunction rather than PET. A total of 14 articles were included in the systematic review, all of which were case series representing level 4 evidence.
Patient Demographics
The 14 retrieved studies included a total of 226 patients and treatment of 253 sides (ears) ( Table I) . Mean reported follow-up was 20.6 months. The most commonly reported techniques were ET plugging 7, 16, 17 (3 studies), PE tube placement 18, 19 (2 studies), and suture ligation 12, 13 (2 studies). Additional techniques included hydroxyapatite injection, 20 implantation of autologous cartilage, 3 diathermy, 21 gelatin injection, 8 cauterization, 9 pterygoid hamulotomy, 15 and transection/transposition of the tensor veli palatine muscle.
1,15
Patient Outcomes
A wide variety of outcome measurements were used in the 14 included studies. The most commonly used method for measuring efficacy was subjective improvement or resolution of patient symptoms. A minority of studies used a defined scoring system to assess individual patient symptoms (autophony, aural fullness, etc.). 3, 20 Objective measurements including sonotubometry, audiometry, and tubotympanoaerodynamography were used in four studies. 12, 13, 15, 16 Rotenberg et al. performed audiograms and tympanograms 6 months after surgery and noted no impact on hearing for any study subjects. 12 Virtanen et al. reported the normalization of sonotubometric recordings in nine of 16 ears following pterygoid hamulotomy with or without surgery of the tensor veli palatini muscle, which is consistent with patient-reported symptomatic improvement of 69%. 15 The remaining two studies showed improvement in sonotubometry in a majority of patients. 13, 16 Overall symptom improvement ranged between 22% and 100% (mean 72.4%; 95% CI, 62.5%-81.2%), as shown in Figure 2 . No significant bias was detected using the Begg-Mazumdar (P 5 0.66) and Eggar (P 5 0.56) tests. The bias assessment of individual studies is presented in Figure 3 . Moderate heterogeneity was identified with an I 2 (inconsistency) of 62.1% (95% CI, 20.7%-77.4%), suggesting that at least some of the variance in outcomes between the studies may be due to study heterogeneity. Four studies reported symptomatic improvement in 100% of study participants; however, each of these studies included four or fewer patients. Three studies reported symptomatic improvement in greater than 80% of study patients. These studies used variable approaches, including myringotomy/tympanostomy tube placement with or without ET plugging, 18 fat plugging/suture ligation, 12 and reconstruction of the ET orifice with autologous cartilage. 3 Surgical approaches with the lowest reported efficacy included ET diathermy (22%) 21 and ventilation tube placement (53%). 19 Comparison between techniques was difficult due to lack of a defined assessment criteria or scoring system in most studies.
Complications
Few complications were reported in the 14 included studies (Table II) . The most commonly reported complication was middle ear effusion, with additional complications and patient complaints including otorrhea, foreign body sensation, pain, epistaxis, and tinnitus. Few studies reported objective measures for middle ear or audiologic function following PET surgery. For most surgical approaches, the frequency of revision procedures was less than 20%. No major complications were reported.
DISCUSSION
Patulous Eustachian tube is a fairly rare but often frustrating clinical entity for both patient and practitioner. Medical management is sufficient in some cases but often produces limited or temporary improvement in many patients, necessitating the need for surgical intervention. Based on our systematic literature review, most surgical techniques appear to be moderately effective at addressing PE symptoms and improving patient quality of life. However, despite clinically significant improvement, many patients remain at least partially symptomatic; and overall, surgical interventions for PET appear to fall short of expected outcomes.
Surgical intervention for PET appears to be generally safe, with few unique risks isolated to the individual interventions performed. The two most frequent complications appear to be middle ear effusions necessitating the need for pressure equilibrium tubes postoperatively and the need for revision surgery. The primary objective of surgical intervention is to narrow the pathologically patent pharyngeal orifice of the ET. This finding seems to suggest that there may be a narrow margin between symptom relief and pathologic occlusion of the ET. It is unclear whether these complications were the result of ET 5eustachian tube; F/U 5 followup; N/S 5not specified.
the particular surgical methods used or due to clinical judgment made intraoperatively. There does not appear to be a significant difference in the development of middle ear sequelae between techniques; approaches such as ventilation tube placement, ET reconstruction, and suture ligation all resulted in similar rates of this particular complication. Fortunately, this and other complications reported in most studies appear amenable to relatively simple corrective interventions. Ultimately, additional studies will be required to compare different interventions and to analyze the relationship between the number of procedures performed by individual surgeons and patient outcomes. Although most studies in this review included small patient populations, the cumulative data appears to give merit to surgical intervention as a successful means for treating recalcitrant PET. A particular limitation in this review is the lack of validated metrics and diagnostic criteria in most studies. The ability to assess outcomes and make comparisons between surgical approaches would certainly be improved through the use of a widely accepted metric for quantifying symptom relief. Some studies utilized a numeric scoring system developed by Poe that uses a 1 to 5 scoring system to assess postoperative outcomes. 3 Scores in this system signify a number of outcomes that range from complete relief to worsening and allow for stratification based on individual symptoms. The need for a validated assessment tool is amplified by recent studies reporting rates of patient satisfaction that lag significantly behind reported symptom improvement. 12, 20 In addition, these findings demonstrate the importance of thorough preoperative education and counseling to better prepare patients for the goals of surgery and to set realistic expectations.
The current study represents the first comprehensive and comparative review of surgical techniques for the management of PET. A variety of surgical approaches were identified through our systematic literature search. Overall rates of improvement varied between 13% and 100%, with a mean reported success rate of 72.4%. Unfortunately, there have yet to be any studies comparing individual surgical approaches, and no single technique has been found to be superior in either surgical outcomes or safety. We were unable to make statistically rigorous comparisons between techniques in this review because the individual study populations were small and included variable outcome measures. In the absence of additional data, surgeons should continue to offer interventions based on experience, personal skillset, and patient wishes.
CONCLUSION
Patulous Eustachian tube is a well-defined entity that is difficult to treat both medically and surgically. A wide range of surgical techniques have been described in the literature; however, studies analyzing the safety and efficacy of these techniques are limited and mostly comprised of level IV studies. In general, surgical intervention appears to be a safe treatment modality with moderately successful treatment outcomes. Future, large patient studies are needed to more accurately define surgical outcomes and identify superior surgical methods.
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